Abstract detonation i n t h e f i n e grained d u s t .
A comhined experimental and t h e o r e t i c a l study was conducted t o determine t h e d e t o n a b i l i t y chara c t e r i s t i c s o f high cxplosivc 11111 d u s t d i spersed i n a i r . Towards t h i s end, a s p e c i a l "shock tube" was constructed i n which t h e d u s t was t r a n sported through t h e tube by a gas flow. Detonation o f high p r e s s u r e gases i n t h e d r i v e r served t o t r a n s m i t a s t r o n g b l a s t wave i n t o t h e d u s t mixture. The r e s u l t a n t wave was monitored by p r e s s u r e switches, jrcssure t r a n s d u c e r s , a p h o t o c e l l , and s t r e a k photography. c i l i t y detonation was r e a l i z e d f o r d u s t w i t h t h e l a r g e r o f t h e p a r t i c l e s (37 u) t e s t e d i n OlygCn enriched a i r (12% 02 + 88% a i r by volume) and with ammonium p c r c h l o r a t e added t o t h e dust mixture as a d d i t i o n a l o x i d i z e r (173 AP + 83% IRDX by mass) i n a i r . However, under the same conditions, t h e f in e r d u s t w i t h t h e s m a l l e r p a r t i c l e s ( 2 u ) could not be detonated.
Within t h e limits of t h e f a -

A t l i e o r e t i c a l model was developed t o e x p l a i n t h e e f f e c t o f p a r t i c l e s i z e on t h e d e t o n a b i l i t y of d u s t o s i d i r e r mixtures. In t h i s model an unsteady p a r t i c l e heat t r a n s f e r equation with ,an Arrhenius type of r e a c t i v e source term was coupled w i t h t h e flow conservation equations. The thermal e f f e c t due t o t h e presence o f p a r t i c l e s on t h e flow p r i o r t o i g n i t i o n were c a l c u l a t e d f o r various p a r t i c l e s i z e s and loading r a t i o s .
large concentration of very f i n e d u s t mixed with t h e gaseous o x i d i z e r would cool down t h e gas bchind t h e i n c i d e n t shock wave s u f f i c i e n t l y t o d e t e r t h e i g n i t i o n of t h e p a r t i c l e s . This provides an explanation f o r why t h e f i n e r dust f a i l e d t o detonate.
I t was shown t h a t a Introduction S a f e t y c o n s i d e r a t i o n s make it important t o est a b l i s h t h e d e t o n a h i l i t y c h a r a c t e r i s t i c s of m i xt u r e s o f d u s t with a i r or a i r enriched w i t h oxygen. RDX d u s t i s of p a r t i c u l a r i n t e r e s t because it is a commonly used explosive, and because a s an explos i v e , i t c o n t a i n s i t s o m o x i d i z e r . For t h i s reason, detonations were induced i n RDX d u s t -a i roxygen mixtures using a horizontal shock tube w i t h an explosive d r i v e r . RDX d u s t s with 2 um diameter p a r t i c l e s and w i t h 3 7 urn p a r t i c l e s were i n v e s t ig a t e d . Neither o f t h e s e d u s t s would d e t o n a t e i n a i r , but detonations i n t h e coarse d u s t were observed i n a 12% oxygen/88% a i r mixture. Remarka b l y , and c o n t r a r y t o i n t u i t i o n , i t was impossible t o detonate t h e f i n e d u s t i n t h i s mixture. Theor e t i c a l m a l y s i s shows t h a t t h i s hchavior is a conscquencc o f t h e i n t e r a c t i o n between t h e d u s t part i c l e s and t h e gas i n t h e two phase flow within t h e induction zone.
. , 'The expcrimcntal apparatus i s f i r s t described below followed hy a p r e s e n t a t i o n of experimental r e s u l t s . The a n a l y s i s o f t h e two phase flaw withi n t h e induction zone is then described and t h e r e s u l t s of t h c a n a l y s i s are used t o show how t h e i n t e r a c t i o n between t h e d u s t p a r t i c l e s and t h e gas flow providcs an explanation f o r t h e f a i l u r e o f 1
Exilcrimental Arrangement
Experiments were conducted i n a h o r i z o n t a l shock t u b e (shown i n F i g . la) with a 7 . 3 cm diameter d r iver s e c t i o n 37 cm long and a 3 . 8 c m x 6 . 4 cm rect a n g u l a r driven s e c t i o n 7 m long. t r a n s i t i o n s e c t i o n was used t o connect t h e c i r c u l a r d r i v e r t o t h e r e c t a n g u l a r d r i v e n s e c t i o n . A f e e d e r t o introduce t h e dust was mounted on t o p o f t h e t r a n s i t i o n s e c t i o n . The d u s t f e e d e r (shownin Figs. l b and IC) c o n s i s t e d of a p i s t o n i n a p l a s t i c cart r i d g e , a p u l l i n g motor, and s e v e r a l a i r feeding j e t s . During operation, t h e motor p u l l e d t h e p i ston which i n t u r n pushed a predetermined q u a n t i t y o f RDX d u s t loaded i n t h e c a r t r i d g e i n t o t h e path o f t h e a i r j e t s which blew t h e d u s t i n t o t h e shock tube. Tlre d u s t e n t e r i n g t h e shock tube was then conveyed through t h e t u b e by gaseous o x i d i z e r from two j e t s mounted on both s i d e s o f t h e t r a n s i t i o n s e c t i o n . The d u s t concentration i n t h e flow nixt u r e was determined by t h e mass feeding rate o f d u s t (gm/sec) and t h e volumetric flow r a t e o f t h e conveying gas (m3/5ec). Ile mixture i n t h e d r i v e r served as t h e i n i t i a t o r and caused a shock wave t o be t r a n s m i t t e d i n t o t h e d u s t cloud i n the d r i v e r s e c t i o n . The shack wave v e l o c i t y was measured by sis p r e s s u r e switches. and t h e pressure by a four K i s t l e r 603A p r e s s u r e t r a n s d u c e r s . A photocell was located a t t h e same p o s i t i o n as No. 3 pressure transducer t o measure t h e i g n i t i o n delay. a c t i o n were observed using s t r e a k S c h l i e r e n photography a t t h e window s e c t i o n o f t h e shock tube. The shock wave and flow inter-RDX d u s t s with average p a r t i c l e diameters of 2u and 3711 were t e s t e d i n a i r , oxygen enriched a i r and n i t r o g e n . Photomicrographs of t h e two d u s t s are shown i n Pig. 2. The 2" dust is very f i n e and tends t o agglomerate as i n d i c a t e d i n t h e photomicrograph. Therefore it 118s mixed with a small amount (2%) of i n e r t amorphous fumed s i l i c a (Si0 ) The v e l o c i t y v a r i a t i o u s of t h c shock W O W t r a n smitted from t h e d r i v e r and t h e c h a r a c t e r o f t h e pressure and photocell t r a c e s behind t h e shock were used t o d i s t i n g u i s h detonating from nondetonating mixtures. The Wave v e l o c i t y d i d not a t t e n u a t e i n . t h e case o f dctonation and t h e r e was a l a r g e pressure r i s e followed by a decaying region behind t h e wave. The i g n i t i o n delay, as determined from t h e photocell and p r c s s u r e t r a c e s , was r e l a t i v e l y s h o r t . I n t h e nondetonating w s e , t h e r e was s i g n i f i c a n t shack decay, a r e l a t i v e l y low p r e s s u r e r i s e and a long i g n i t i o n d e l a y period. The p r e s s u r e and plmtoccll t r a c e 5 slmwn i n Figs. 3a and 3b i l l u st r a t e t h e s e d i f f e r e n c e s .
Experimental Results
d u s t t o improve t h e d i s p e r s i o n c h a r a c t e r i s t i c s o f t h e d u s t along t h e tube. Streak photographs of t h e induction zone indicated t h a t t h i s technique succ e s s f u l l y eliminated t h e agglomeration o f t h e f i n e
Within t h e limits o f t h e f a c i l i t y , t h e experimental r e s u l t s showed t h a t KDX d u s t i n a i r would not detonate. iloivever, detonation was r e a l i z e d w i t h t h e c o a r s e r d u s t i n oxygen enriched a i r (12% oxygen + 88% a i r ) , and a l s o i n an AP-RVX d u s t mixt u r e (17% AP/83% RUX) i n a i r . The equivalence r a t i o s used loading r a t i o , i . e . t h e r a t i o o f f u e l t o a i r mass were approximately one. The r e s u l t s f o r d e t o n a ting runs are l i s t e d i n Table I .
s l i g h t l y l e s s than one and t h e Ilnwever, under t h e Same o p e r a t i n g c o n d i t i o n s t h e f i n e r d u s t w i t h t h e ZP p a r t i c l e s d i d n o t detonate. The measured i g n i t i o n d e l a y shown i n F i g . 3c f o r t h e nondetonating f i n e d u s t was about s i n times t h a t o f t h e d e t o n a t i n g coarse d u s t shown i n Fig. 3n, even though t h e combustion time of t h e f i n e d u s t i s about one-quarter t h a t o f coarse dust.
I~E B C r e s u l t s are c o n t r a r y t o i n t u i t i o n , which would suggest t h a t t h e f i n e r d u s t would be more detonable. As shown i n t h e a n a l y s i s below, r a p i d absorption o f h e a t by t h e f i n e r d u s t can reduce t h e temperature and thereby g r e a t l y i n c r e a s e the i g n i t i o n delay. This e f f e c t proirides n p o s s i b l e explanation f o r t h e i n a b i l i t y t o detonate t h e f i n e dirst.
T h e o r e t i c a l Analysis
A t h e o r e t i c a l model was developed t o deal with t h e i n t e r a c t i o n between t h e p a r t i c l e s and t h e gas i n t h c two phase flow behind t h e shock wave. flow i s shown schematically i n Fig. 4 i n coordin a t e s which a r e f i x e d t o t h e shock so t h a t t h e shock Ixcornes s t a t i o n a r y h h i l e t h e wall moves with t h e undisturbed v e l o c i t y u , , . t h e shock t h e v e l o c i t y of t h e d u s t p a r t i c l e s r e l at i v e t o t h c gas, i . e . , up -u, may be supersonic.
Thus bow shocks may s t a n d ahead o f t h e p a r t i c l e s i n i t i a l l y as shown i n t h e schematic sketch i n f'ig.
'This
Immediately behind l h e oquations f o r t h e conservation o f mass, momentum, and energy a r e :
A l l svmholr are defined i n t h e noeenclatore. I h e s e 1 equations a r e discusscd i n d e t a i l by Rudinger , 
The r a d i a t i o n has been approximated by assuming t h a t t h e p a r t i c l e s r a d i a t e t o t h e wall as a grey body so t h a t
The r a d i a t i v e l o s s was found t o be n e g l i g i b l e even when t h e e m i s s i v i t y E( i s t a k e n as u n i t y . This res u l t i s probably a consequence o f t h e d m r t time a v a i l a b l e f o r r a d i a t i o h i n t h e i n d u c t i o n zone.
As w r i t t e n above, t h e s e equations t r e a t t h e gasp a r t i c l c mixturc a s a s i n g l e f l u i d . 'The i n t c r a ct i a n between t h e p a r t i c l e s and t h e gas is i n t r oduced through t h e t r a j e c t o r y equation: which is needed t o determine t h e p a r t i c l e v e l o c i t y and accounts f o r t h e exchange of momentum hetween t h e gas and t h e p a r t i c l e s . The thermal i n t e r a c t i o n between t h e gas and t h e p a r t i c l e s , which i s c r u c i a l i n t h e a n a l y s i s o f t h e i n d u c t i o n zone, i s d e t e rmined by t h e heat t r a n s f e r between t h e gas and t h e p a r t i c l e s . To s i m p l i f y t h e thermal a n a l y s i s , it has been assumed that t h e p a r t i c l e s a r e s p h e r i c a l and t h a t t h e temperature d i s t r i b u t i o n within t h e p a r t i c l e s i s s p h e r i c a l l y symmetric. I t has f u r t h e r I f Tf!t) is t h e recovery temperature based on t h e v e l o c i t y of t h e gas r e l a t i v e t o the p a r t i c l e . and been assumed t h a t t h e d u s t cloud is monodisperse. kd if T(R,t) i s t h e tempcrature a t t h e p a r t i c l e s u r f a c e , then t h e rate o f ciiange of t h e enthalpy
Hp o f each p a r t i c l e w i l l be given by
where t h e p a r t i c l e enthalpy Ilp can be expressed by where mp = 4/SnR p p i s t h e mass of each p a r t i c l e .
The f i l m conductance h ( t 1 depends on t h e v e l o c i t y o f t h e gas r e l a t i v e t o t h e p a r t i c l e s . In general. i t also is necessary t o introduce a r e a c t i o n r a t e equation t o account for t h e p a r t i c l e combustion and t h e r a t e o f change of t h e p a r t i c l e mass flow d e n s i t y o u 'however, t h i s term can be neglected i n t h e induction zone preceding t h o s t a r t o f comb u s t i o n .
p P'.
For the p a r t i c l e s i z e s considered here, previous s t u d i e s of shock induced i g n i t i o n i n d i c a t e t h a t i g n i t i o n i s governed by heterogeneous react i o n a t t h e p a r t i c l e s u r f a c e , p a r t i c u l a r l y s i n c e i n t h e case shock i g n i t i o n t h e r e appears t o be i ns u f f i c i e n t time f o r t h e evolution o f s i g n i f i c a n t amounts o f v o l a t i l e s . as t h e d r i v i n g mechanism, i g n i t i o n f i r s t occurs a t t h e p a r t i c l e s u r f a c e where t h c p a r t i c l e temperat u r e has t h e h i g h e s t v a l u e during heat up.
Because of t h e l a r g e values o f t h e Biot number, t h e temp e r a t u r e within t h e p a r t i c l e w i l l not be uniform, and c a l c u l a t i o n o f p a r t i c l e s u r f a c e temperature r e q u i r e s s o l u t i o n o f t h e heat conduction equation:
Accepting s u r f a c e r e a c t i o n R source t e r m u"' (r .t) is included t o account f o r t h e h e a t r e l e a s e d by heterogeneous r e a c t i o n both on t h e p a r t i c l e s u r f a c e and i n t h e porous i nt e r i o r of t h e p a r t i c l e . l h e boundary c o n d i t i o n a t t h e p a r t i c l e s u r f a c e i s governed by convectiveheat t r a n s f e r from t h e surrounding gas and i s given by:
Evaluation of t h e r e a c t i v e source term is a maj o r source of u n c e r t a i n t y because o f t h e lack of adequate chemical k i n e t i c d a t a f o r d u s t s . Assumi n g a first o r d e r r e a c t i o n , as was a l s o done by Urai, e t and S i c h e l , e t a l . 4 . This term w i l l be given by:
The values o f t h e parameters used i n t h e comput a t i o n s are l i s t e d i n Table I1 below. Due t o t h e lack of k i n e t i c d a t a a v a i l a h l c f o r RUX, some of t h e parameters used i n (8) were determined by comparing t h e r e s u l t s of t h e present theory t o i g n i t i o n del a y d a t a .
I t a l s o is necessary t o choose s u i t a b l e v a l u e s f o r t h e d r a g c o e f f i c i e n t Cg i n (4) and f o r t h e f i l m conductance h ( t ) i n ( 5 ) and (7). The v e l o c it y r e l a t i v e t o t h e p a r t i c l e s v a r i e s from supersonic values t o v a l u e s i n t h e Stokes d r a g regime. To cover t h i s wide range, t h e empirical expressions f o r C,) presented by Walsh5 were used i n t h e comput a t i o n s , and i t t u r n s o u t t h a t CD v a r i e s s i g n i f ic a n t l y during p a r t i c l e a c c e l e r a t i o n . The Nusselt No. and hcnce h ( t ) a l s o v a r i e s over a wide range d u r i n g p a r t i c l e a c c e l e r a t i o n , and hence t h e empiric a l expression f o r h givcn by Fox6 was used to e v a l u a t e h ( t ) .
According t o Fox
The s t r u c t u r e o f t h e induction zone and t h e i gn i t i o n delay time were determined by numerically s o l v i n g Eqs. (1) -( 9 ) . The i g n i t i o n delay was taken a s t h e time between shock passage and p a r t ic l e s u r f a c e temperature runaway. were c a l c u l a t e d over B s i d e range o f p a r t i c l e loading and p a r t i c l e s i z e .
I g n i t i o n d e l a y s
The d e t a i l e d gas and p a r t i c l e s u r f a c e temperat u r e v a r i a t i o n s itre shown i n Figs. 58 and 5h f o r 2p and 3711 p a r t i c l e s for a loading r a t i o , (op/o), upstream of t h e shock wme, of 1 . 0 . In t h e case o f t h e 211 p a r t i c l e s , hoth t h e gas and p a r t i c l e s u r f a c e temperaturc i n i t i a l l y r i s e very r a p i d l y . Then, because o f t h e g r e a t e r surface are of the smaller p a r t i c l e s , both t h e gas and p a r t i c l e surface temperatures drop t o a lower steady value unt i l i g n i t i o n . On t h e o t h e r hand, i n t h e case of t h e l a r g e r 3711 p a r t i c l e s , t h e surface temperature r i s e s s t e a d i l y u n t i l i g n i t i o n occurs. A s a consequence, c o n t r a r y t o i n t u i t i o n , t h e i g n i t In t h e case of t h e 2u part i c l e s , t h e s u r f a c e temperature i n c r e a s e s r a p i d l y a f t e r which i t drops while t h e temperature i n t h e i n t e r i o r of t h e p a r t i c l e becomes almost uniform. These small p a r t i c l e s a r e thus very e f f e c t i v e i n absorbing h e a t from t h e surroundina gas stream. and t h i s accounts f o r t h e drop i n b o t h gas and part i c l e temperature shown i n Fig. 5 . I n t h e case of t h e 3711 p a r t i c l e s , t h e h e a t e d region i s confined almost e n t i r e l y t o t h e v i c i n i t y o f t h e p a r t i c l e s u r f a c e and t h e s u r f a c e temperature i n c r e a s e s cont i n u o u s l y .
Thc i n f l u e n c e o f t h e p a r t i c l e i n t e r a c t i o n on t h e gas temperature and i g n i t i o n d e l a y depends on both t h e loading r a t i o and t h e p a r t i c l e s i z e 3s i l l u st r a t e d i n Fig. 7 . This f i g u r e shows t h e v a r i a t i o n o f t h e i g n i t i o n delay with p a r t i c l e size f o r d i ff e r e n t values of p a r t i c l e loading as c a l c u l a t e d using t h e theory described above. The i g n i t i o n de'-l a y always decreases with decreasing p a r t i c l e s i z e for small loading r a t i o s when t h e p a r t i c l e l e a s i n t e r a c t i o n i s weak. Ilowever, f o r loading r a t i o s o f D ( I ) , thc i g n i t i o n dclny incrcnscs d r a s t i c a l l y when t h c p a r t i c l e dinmcter drops below about 611.
Discussion and Conclusions
Eqwrimrnts lhave d e s o n s t r a t c d t h a t mixtures of 211 and 3711 RDX d u s t w i t h a i r could not be made t o d e t o n a t e . I t was p o s s i b l e t o induce d e t o n a t i o n s i n t h e 37" d u s t i n a n 88% a i r / l Z % 0 mixture and i n an 
